Ossein gelatin (OG) and low-molecular-weight ossein gelatin (LOG) were conjugated with a glucose/fructose stearic acid monoester (GE/FE), which had been prepared from the hydrolysate of a sucrose stearic acid diester, by the Maillard reaction to improve their physical properties. The molar ratio of each conjugate (GE/FE-OG or GE/FE-LOG) was about 1:1, and the conjugation resulted in a decreased isoelectric point. The GE/FE-OG gel showed a lower storage modulus, melting temperature, and enthalpy change than those for the OG gel at both the early and late stages of gelation, and each gel at pH 3.0 showed somewhat lower characteristics than those at pH 7.0. The conjugates acquired superior emulsifying ability, GE/FE-LOG in particular exhibiting markedly higher emulsifying ability in the acidic pH range, in the presence of NaCl, and over a wide temperature range. It is thus expected that conjugation with GE/FE could be effective for providing a new type of gelatin with a soft texture, easy melting, and emulsifying ability.
Gelatin is manufactured from ossein, cattle hide, pigskin, and fishskin, and is widely used in food, photographic, cosmetic, and medical applications as an agent for gelling, water-holding, thickening, foaming, dispersing, and stabilizing. However, new functional properties have recently become desirable for gelatin, including not only improved physical properties such as a softer texture, thermal characteristics enabling easier melting in the mouth, more suitable viscosity for aged people coping with dysphagia, 1) and the endowment of altogether new functions, but also physiological properties promoting health such as the bioavailability of mineral components in foods. Appropriate gelatin with improved physical properties has been developed from shark skin, having a lower rupture strength and storage modulus, and markedly lower melting temperature than pigskin gelatin because of its unstable collagen helix structure reconstituted with a peculiar amino acid sequence containing fewer imino acid residues.
2) In addition, shark gelatin has shown the desirable physiological property that its oral administration resulted in a significant increase in the bone mineral density of rats. 3) Cod gelatin, 4) hake gelatin, 5) and megrim gelatin 6) also have similarly low mechanical properties to shark gelatin. However, the use of fish gelatin is limited, and it is not commonly available. A recent study has shown that a new type of gelatin with a soft texture, and with calcium-retaining and calcium-aggregating ability could be produced from ossein gelatin by conjugating it with acidic saccharides through the Maillard reaction, probably respectively due to derangement of the network structure by steric hindrance of the acidic saccharide moiety, and to the junction between gelatin chains via association with the calcium ion. 7) This result has indicated that conjugation with a non-gelatinous component would be extremely effective for endowing altogether new functions depending on the nature of the conjugated moiety.
Considerable attention has been focused on the stabilization of lipids in foods, because most foods contain oil and fat as important constituents. This attention has resulted in the development of better emulsifiers for food use. However, gelatin has no distinct emulsifying ability due to its high hydrophilicity. If gelatin could be given an amphiphilic property by suitable modification, the modified gelatin would exhibit good emulsifying ability. Fatty acylation of gelatin is thus expected to be effective for endowing such an amphiphilic property that would result in good emulsifying ability. Fatty acylation of protein can be carried y To whom correspondence should be addressed. Tel: +81-42-367-5712; Fax: +81-42-360-8830; E-mail: k-taka@cc.tuat.ac.jp out by enzymatic or chemical modification. Enzymatic modification with the reverse reaction of lipase in a nonaqueous solvent has been carried out to synthesize fattyacylated sericin and endow superior emulsifying ability. 8) However, the yield of the product was too low due to solid-phase synthesis. Chemical modifications such as the palmitoylation of soybean glycinin, 9) lypophilization of S 1 casein, 10) and acylation of lysozyme 11, 12) have resulted in improved emulsifying properties. However, the use of such acylated proteins for food application can be achieved by an acylation method that does not need any chemical reagents, as the Maillard reaction has been applied to conjugate lysozyme with a fattyacylated saccharide like the glucose stearic acid monoester.
13) The sucrose fatty acid ester (SE) is one of the fatty-acylated saccharides and a non-ionic emulsifier that has become widely used as an emulsifier for foods because of its safety. 14, 15) However, SE does not have a saccharide moiety with a reducing terminus which would allow conjugation with a free amino group of gelatin through a glycosylamine linkage in the Maillard reaction. Since the hydrolysis of SE generates a glucose or fructose fatty acid ester (GE/FE) having a reducing terminus, GE/FE will be suitable for producing fattyacylated saccharide-conjugated proteinaceous material. In practice, GE/FE and/or potato starch-conjugated "-poly(L-lysine) has exhibited good emulsifying ability and antibacterial activity, as well as the ability to specifically control the thermal behavior of potato starch granules. 16) In this study, ossein gelatin (OG) and lowmolecular-weight ossein gelatin (LOG) were thus conjugated with GE/FE from a hydrolysate of SE with HCl by the Maillard reaction to prepare GE/FE-OG and GE/ FE-LOG conjugates as new types of gelatin with a soft texture and good emulsifying ability.
Materials and Methods
Materials. Ossein gelatin (OG) was supplied by Nippi (Tokyo, Japan), and used after being dialyzed against distilled water at 4 C to remove the low-molecularweight peptides and subsequently lyophilized. Lowmolecular-weight OG (LOG; M r 5,800), which had been prepared by hydrolyzing OG with HCl, neutralizing with NaOH, decolorizing with activated charcoal, and desalting by ion-exchange before lyophilization, was supplied by Nippi (Tokyo, Japan). The sucrose stearic acid diester (SE; S-570) and glucose stearic acid monoester (GE) were supplied by Mitsubishi-Kagaku Foods (Tokyo, Japan). All other chemicals were of reagent grade and commercially available.
Preparation of the glucose/fructose stearic acid monoester (GE/FE). GE/FE was prepared by hydrolyzing SE as a fatty acylated saccharide according to the previously described method. 16) In brief, SE (30 g) was dispersed in 120 ml of 80% ethanol, and hydrolyzed at 62 C for 30 min after adjusting to 0.55 M with conc.
HCl. After cooling to room temperature with running water, the reaction product was neutralized with 0.6 M NaOH, and cooled further in an ice bath. The resulting precipitate was collected by filtering under the reduced pressure, and washed thoroughly with 50% ethanol until no more precipitated silver chloride could be detected by adding a silver nitrate solution to the filtrate. After substituting the solvent with 99.5% ethanol, the precipitate was air-dried to obtain the GE/FE preparation. The GE/FE content of the preparation was evaluated to be about 36% by high-performance thin-layer chromatography (HPTLC), using GE as a standard.
17)
Preparation of the conjugated gelatins (GE/FE-OG and GE/FE-LOG). OG (2 g) was swollen in 1 liter of distilled water, and then dissolved at 60 C for 30 min. After cooling quickly to room temperature in running water and adjusting to pH 7.0 with 0.1 M NaOH, 1.8 g of GE/FE was added. The mixture was homogenized at 24,000 rpm by Polytron PTA-7 apparatus (Kinematica, Lucerne, Switzerland) at 25 C for 1 min, and then immediately frozen with liquid nitrogen. After lyophilization, the dried mixture was incubated for 24 h at 50 C and a relative humidity of 79%. The reaction mixture was extracted in 200 ml of ethanol at 60 C for 30 min to eliminate unreacted GE/FE, and then cooled quickly to room temperature in running water. After filtering under the reduced pressure, the extraction procedure with ethanol was performed twice more. The final residue was washed with 500 ml of chilled water by centrifuging at about 10;000 Â g for 30 min. The washed precipitate was dissolved in 500 ml of distilled water at 100 C for 5 min, and then centrifuged at about 27;000 Â g for 40 min. The resulting supernatant was passed through a 0.45-mm membrane filter (mixed cellulose ester; Advantec, Tokyo, Japan), and the filtrate was dialyzed against distilled water to eliminate low-molecular-weight substances. The required GE/FE-OG preparation was obtained by lyophilizing the dialysate.
The GE/FE-LOG preparation was prepared by conjugating the GE/FE (2 g) and LOG (0.18 g) mixture through the Maillard reaction in the same manner as that just described, extracting the reaction mixture three times with 40 ml each of ethanol at 60 C for 30 min, and dissolving the ethanol-extracted residue in distilled water at 60 C for 30 min, before passing through the membrane filter and then lyophilizing.
Measurement of the dynamic viscoelasticity. The dynamic viscoelasticity of GE/FE-OG was evaluated by an ARES rheometer (TA Instruments, New Castle, Delaware, USA). The sample (12.5 mg) was dissolved in 200 ml of distilled water at 100 C for 3 min, and then respectively adjusted to pH 3.0 or 7.0 with 0.01 M and 0.1 M HCl or NaOH, after quickly cooling to room temperature. The GE/FE-OG solution was diluted with distilled water to give a concentration of 2.4%, and a 500-ml aliquot of the sample solution was placed on a parallel plate of the rheometer 25 mm in diameter that was maintained at 4 C. After quickly adjusting the sample to 1 mm in thickness, the dynamic viscoelasticity was measured at 1 Hz frequency and 5% strain within the linear visicoelastic region at 4 C for 2 h during gelation, and then the melting process of the gel formed on the parallel plate was investigated by heating from 4 C to 30 C at a heating rate of 5 deg/min according to the method described previously. 7) The storage modulus (G 0 ), loss modulus (G 00 ), and tan (G 00 =G 0 ) values were each determined.
Differential scanning calorimetry (DSC). GE/FE-OG (4 mg) was dissolved in 130 ml of distilled water at 100 C for 3 min, and then respectively adjusted to pH 3.0 or 7.0 with 0.01 M and 0.1 M HCl or NaOH, after quickly cooling to room temperature. The GE/FE-OG solution was next diluted with distilled water to give a concentration of 2.5%. A 30-ml aliquot of the sample solution was sealed in a 70-ml silver DSC capsule. After the solution had been allowed to gel by holding the capsule at 4 C for 48 h, DSC was carried out with SSC-5020 DSC 6100 apparatus (SII NanoTechnologies, Tokyo, Japan) at a heating rate of 2 deg/min from 4 C to 100 C under an He gas stream at 40 ml/min as described previously.
18) The melting temperatures [onset temperature (T o ), peak temperature (T p ), and conclusion temperature (T c )] and enthalpy change were obtained from the resulting DSC curve.
Measurement of the emulsifying ability. GE/FE-OG (15 mg) or GE/FE-LOG (69 mg) was dissolved in 750 ml of distilled water at 100 C for 5 min, and then respectively adjusted to pH 3.1, 5.0 or 7.0 with 0.01 M HCl, 0.1 M HCl or NaOH, after quickly cooling to room temperature. The volume of the conjugated gelatin solution was adjusted to 1.5 ml with distilled water, and then 1.5 ml of a 0.05 M acetate buffer (at pH 3.1, 5.0, or 7.0) or the same buffer containing NaCl (0.2, 0.4 or 1.0 M) was added to give a concentration of 0.5% for GE/FE-OG and 2.3% for GE/FE-LOG. A 2-ml portion of the sample solution and 0.5 ml of corn oil in a test tube (18 mm Â 85 mm) were homogenized at 25 C by Polytron PTA-7 apparatus (Kinematica, Lucerne, Switzerland) at 24,000 rpm for 1 min. The resulting emulsion was diluted 100-fold with a 0.1% SDS solution 0, 10, 30, 60, and 120 min after emulsification, and the absorbance of each solution at 500 nm was measured according to the method previously described.
13) The emulsifying activity index (EAI) was calculated by the following equations: 19) 
where A is the absorbance at 500 nm, L (light path) is 10 À2 m, C is the concentration of a sample (10 3 g/m 3 ), and (oil phase volume fraction) is 0.2. The emulsion stability (ES) is defined as the ratio of the absorbance 60 min after emulsification to that at time 0. The emulsifying ability of OG and LOG was also examined for each in the same manner.
Analytical methods. HPTLC for the hydrolysate of SE was performed with silica gel 60 HPTLC sheets (Merck, Darmstadt, Germany), using chloroform/methanol/acetic acid (85:10:5, v/v/v) as the mobile phase, and the developed reducing saccharides were detected by the 3, 5-dinitrosalicylic acid reagent to determine the amount of GE/FE by densitometry with an SC-930 chromatoscanner (Shimadzu, Kyoto, Japan) as described previously.
17) The gelatin content of each conjugate was evaluated by determining the nitrogen content of OG and LOG with an EA 1110 CHNS-O Ultimate automatic analyzer (CE Instruments, Milan, Italy) according to the method previously described.
7) The GE/FE content of each conjugate was measured by determining the fatty acid content of GE/FE by gas-liquid chromatography with GC 4CM apparatus (Shimadzu, Kyoto, Japan) and a DEGS Chromosorb WAW column (GL Science, Tokyo, Japan), after the fatty acid methyl esters had been prepared from the conjugates by methanolysis according to the method previously described.
13) The isoelectric point (pI) was evaluated from the pH value of a sample solution that had been completely deionized in a mixed-bed ion-exchange column (Amberlite IR120 and IRA 400; Organo Co., Tokyo, Japan) according to the method previously described.
20)

Results and Discussion
Chemical features of the conjugated gelatins samples OG and LOG were conjugated with GE/FE by the Maillard reaction. The respective yields of GE/FE-OG and GE/FE-LOG were 27% and 77%. The low yield of GE/FE-OG was caused by a large amount of insoluble products, probably due to polymerization during the Maillard reaction. The chemical composition and pI value of each conjugated gelatin are shown in Table 1 . OG and LOG showed acidic pI values of 4.92 and 5.78, respectively, whereas collagen has a pI value of 9.0. 21) This difference was due to deamidation during the liming process of ossein, as Nakazaki et al. have reiterated that the alkaline pretreatment lowered the pI value of collagen, 20) which had originally been shown by Kühn et al. 22) The GE/FE-OG and GE/FE-LOG samples showed lower pI values than those of OG and LOG, probably due to the loss of a free "-amino group through the initial formation of glycosylamine. It was thus found that the conjugated gelatin samples could be prepared by the Maillard reaction. The composition of each conjugated gelatin sample was evaluated from the nitrogen and fatty acid contents. The results indicated that, although the GE/FE content (w/w%) of both preparations was fairly low, particularly that of GE/FE-OG, both molar ratios were estimated to be similar to each other at about 1:1 (Table 1) . It is desirable for conjugation with GE/FE to improve the gelling and melting behavior, and the amphiphilic property of OG and LOG.
Gelling and melting behavior of GE/FE-OG and OG
The dynamic viscoelasticity of GE/FE-OG and OG was measured to examine their gelling behavior during the early stage of gelation at pH 3.0 and 7.0, because LOG had no gelling ability. A rapid increase in G 0 and opposite decrease in tan from the start of measurements occurred for OG and GE/FE-OG at a concentration of 2.4% at both pH values (Figs. 1 and 2) , and GE/FE-OG as well as OG were judged to have gelled at once, even at pH 3.0, by cooling at 4 C, because the point where tan reaches 1 is defined to be the gelling point, 23) and tan of both samples had already dropped below 1 at the start of the measurement. However, GE/ FE-OG had a lower level of G 0 at the equivalent stage than that of OG: G 0 for GE/FE-OG was only about 40% of the value for OG independent of pH. It is thus considered that GE/FE-OG formed a softer gel than OG, because the conjugated GE/FE moiety probably inhibited renaturation of the gelatin chains to the collagen structure during gelation. This result is similar to that of acidic saccharide-conjugated OG demonstrating a soft gel-forming property. 7) However, there was a little difference in that the level of G 0 at pH 3.0 was somewhat lower than that at pH 7.0 for each gelatin gel, again matching the gelling characteristics of acidic saccharide-conjugated OG. 7) The melting behavior of the GE/FE-OG and OG gels from 4 C to 40 C was successively evaluated after measuring their gelling behavior. G 0 gradually decreased 2.4% GE/FE-OG ( ) and OG ( ) solutions were placed on the parallel plate of the rheometer at 4 C. The dynamic viscoelasticity was measured at 1 Hz, 5% strain and 4 C for 2 h, and then the melting process of the gel that had formed was investigated by heating from 4 C at a heating rate of 0.5 C/min. with increasing temperature, and then suddenly decreased at a characteristic temperature, which was followed by the simultaneous and opposite change in tan , indicating melting of the gel (Figs. 1 and 2) . The melting temperature (T m ) in this experiment is thus defined as the temperature required for the maximum melting rate, this being the peak temperature on the differential curve of the G 0 -temperature curve. The evaluated T m figure for the GE/FE-OG gel was about 5-6 C lower than that of the OG gel at each pH value, and each gel at pH 3.0 showed about 0-0.7 C lower T m than that at pH 7.0 ( Table 2 ), indicating that the melting behavior of the gelatin gel had been affected by the conjugated GE/FE moiety during the early stage of gelation, whereas the initial thermal stability of a network structure through the folded state resulting from intermolecular hydrogen bonding would be independent of the pH value.
DSC measurements were also made to investigate the melting behavior of the GE/FE-OG gel during the late stage of gelation. The melting temperature (T p ) of the OG gel itself at each pH value was about 3-4 C higher than that during the early gelation stage as already described by using the dynamic viscoelasticity (Table 2 ). This increase in temperature was also observed with the GE/FE-OG gel. It is thus apparent that the thermal stability of a gelatin gel could markedly increase during aging at 4
C for 48 h due to the progressive construction of a network structure. On the other hand, the GE/FE-OG gel had a significantly lower T p figure at each pH value than the OG gel (Table 2) . Therefore, conjugation with GE/FE-OG is also judged to have had a large effect on the melting behavior of the gelatin gel at the late stage of gelation. The melting enthalpy of the GE/FE-OG gel at pH 7.0 was significantly lower than that of the OG gel. This indicates that the conjugated GE/FE-OG moiety inhibited renaturation of the gelatin chains and reconstitution of the collagen helices forming the junction zone of the gel network structure, and that conjugation with GE/FE could be applied to provide a unique type of gelatin with soft gelling characteristics and easy melting.
Improved emulsifying ability of the conjugates
The emulsifying ability of GE/FE-OG and GE/FE-LOG was evaluated by measuring the absorbance at 2.4% GE/FE-OG ( ) and OG ( ) solutions were placed on the parallel plate of the rheometer at 4 C. The dynamic viscoelasticity was measured at 1 Hz, 5% strain and 4 C for 2 h, and then the melting process of the gel that had formed was investigated by heating from 4 C at a heating rate of 0.5 C/min. 500 nm of O/W emulsions prepared at pH 7.0. The control emulsion without a sample showed a rapid decrease in absorbance to a very low value during the initial 10 min, whereas the emulsions with OG showed a gradual decrease from an absorbance of about 0.7 at time 0 to an absorbance of about 0.2 after 60 min (Fig. 3) , suggesting retarded aggregation and coalescence of the oil droplets due to the high viscosity of OG. However, the emulsion with LOG showed an absorbance/time curve similar to that of the control, because LOG could not effectively contribute to retarding the aggregation and coalescence due to its low viscosity. It is thus concluded that OG and LOG had very poor emulsifying ability. On the other hand, GE/FE-OG and GE/FE-LOG exhibited higher absorbance values than those of OG and LOG. In particular, GE/FE-LOG exhibited particularly high values over the measuring time range, indicative of outstanding emulsifying ability, probably because GE/FE-LOG had improved amphiphilic characteristics due to conjugation with LOG which had lower hydrophilicity than OG. We have previously reported that the emulsifying ability of SE, belonging to the same fatty-acylated saccharide group as GE/FE, was lost in the acidic region and decreased with increasing concentration of NaCl, whereas phosphorylation of SE was effective for maintaining adequate emulsifying ability due to the high hydrophilicity of the attached phosphoryl group. 17) Proteinaceous emulsifiers have also similarly reduced the emulsifying ability under such unfavorable conditions as acidic pH, presence of NaCl, and high temperature, 24) and conjugation with fatty-acylated or acidic saccharide has improved the reduced emulsifying ability. 16, 25) The effects of pH value, NaCl, and temperature on the emulsifying ability of the GE/FE-LOG conjugate were thus examined based on an evaluation by the EAI and ES values giving tentative criteria for understanding the emulsified states at the initial stage and late stage, respectively. GE/FE-LOG substantially maintained high EAI and ES values over the pH range of 3.0-7.0, NaCl concentration range of 0.1-0.5 M, and temperature range of 0-60 C (Fig. 4) with only the following exceptions: the ES values were lower at pH 5.0 and 60 C than the others, probably due to decreased hydration of the LOG moiety by pI and increased flotation of the oil droplets due to the decreased viscosity of the water phase by heating. It is thus concluded that GE/FE-LOG exhibited outstanding emulsifying ability under such disadvantageous conditions due to its improved amphiphilicity.
Conclusions
Ossein gelatin (OG) and low-molecular-weight ossein gelatin (LOG) were conjugated with the glucose/ fructose stearic acid monoester (GE/FE) obtained from a hydrolysate of the sucrose stearic acid diester by the Maillard reaction. Conjugation with GE/FE resulted in a decreased pI value. The GE/FE-OG gel exhibited a low storage modulus, and low melting temperature and enthalpy change at both pH 3.0 and pH 7.0. Both conjugate samples acquired good emulsifying ability, especially GE/FE-LOG which exhibited outstanding emulsifying ability under such conditions as acidic pH, the presence of NaCl, and a wide temperature range. It is thus concluded that conjugation with GE/FE will be valuable for providing a unique type of gelatin with a soft texture, easy melting, and good emulsifying ability.
